Translocations involving human immunoglobulin heavy chain (IGH) locus are implicated in different leukaemias and lymphomas, including multiple myeloma, mantle cell lymphoma, Burkitt's lymphoma and diffuse large B cell lymphoma. We have analysed published data and identified eleven breakpoint cluster regions (bcr) related to these cancers within the IgH locus. These~1 kbp bcrs are specific for one or several types of blood cancer. Our findings could help devise PCR-based assays to detect cancer-related translocations, to identify the mechanisms of translocations and to help in the research of potential translocation partners of the immunoglobulin locus at different stages of B-cell differentiation.
particularly proto-oncogenes and tumour suppressor genes crucial for regulation of most cellular processes [8] [9] [10] . This happens either by juxtaposition of oncogenes to a transcription control element of another gene on a different chromosome, thereby leading to an abnormal expression of the translocated gene or by relocalization of the translocated region in the nuclear space [11, 12] ; (2) the translocation may result in the formation of a unique fusion gene, which in turn codes for an activated form of the protein that affects the normal cellular physiology; (3) some translocations, particularly non-reciprocal ones, may lead to changes in gene dosage, i. e. loss of tumour suppressor genes or duplication of oncogenes.
Translocations in lymphomas and leukaemias. Vast majority of lymphomas and leukaemias are caused by translocations. The elevated frequency of translocations in this case is due to high amount of DSBs at immunoglobulin genes generated by RAG1/2 during V(D)J recombination, T-cell receptor (TCR) gene rearrangement and activation-induced (DNA-cytosine) deaminase (AID) during somatic hypermutation and class switch recombination essential for creation of antigen repertory [6] .
V(D)J recombination is a physiological process during which variable (V), diversity (D) and joining (J) segments of immunoglobulin (Ig) or T-cell receptor (TCR) genes are rearranged and lead to great diversity of the Ig/TCR repertoire. This process is mediated by lymphocyte-specific endonucleases (RAG1, RAG2) which cut the regional V(D)J genes at flanking recombination signal sequences (RSS) consisting of specific highly conserved heptamer and nonamer sequences with a non-conserved spacer (12 or 23 nucleotides) inbetween [13, 14] . Subsequently, the coding segments are joined using the classical non-homologous end-joining (NHEJ) pathway. Translocations during V(D)Jrecombination may lead to different cancers, e. g. multiple myeloma, mantle cell lymphoma, or childhood acute lymphoblastic leukemia (see below).
Somatic hypermutation and class switch recombination in the Immunoglobulin heavy chain locus (IgH) also play a key role in generating antibody diversity. Activation-induced (DNA-cytosine) deaminase [13, 15, 16] participates in both processes. AID deaminates the cytosines present in single-stranded regions (during transcription or formation of R-loops) into uracil, which results in a mismatch. This can be further processed by uracil N-glycosylase/AP endonuclease, finally leading to either a mutation or a DSB [14, [17] [18] [19] [20] . The DSB generated is an intermediate for class switching and, therefore, if unrepaired, can be a suitable candidate for illegitimate joining. This is supported by recent studies, where it was demonstrated that the breaks in the c-myc gene locus during t(8;14) translocation, characteristic of Burkitt's lymphoma, are induced by AID 10 [21] [22] [23] [24] . The c-myc region has also been suggested to form G-loop structures on plasmid DNA, which can be bound by AID [25] .
Translocations in the human immunoglobulin heavy chain locus. Active recombination occurring at the IgH and TCR loci makes them ideal partners for translocations; indeed, many cancers are linked to translocation in these loci (for review see [3] ). In the present review we shall concentrate on translocations involving the IgH located in the subtelomeric region of the 14q chromosome at 14q32.33. The IgH spans 1250 kilobases (kb). It consists of 4 parts: V (variable), D (diversity), J (joining), and C (constant). Each part contains a significant amount of genes, 129 IGHV genes, 27 IGHD segments belonging to 7 subgroups, 9 IGHJ segments, and 11 IGHC genes [21] . These genes are the subjects to V(D)J-recombination in bone marrow, and class-switch recombination in germinal centers.
Translocations in the IgH locus during the B-cell differentiation could involve different parts of the locus and lead to a different type of cancers. Below we shall concentrate on the translocation hotspots also called breakpoint cluster regions (bcrs) within the IgH region. Translocations in the IgH locus have been extensively characterized ; reviewed in [36, 52, 53] , but so far, no comprehensive analysis of the localization of bcrs in this locus has been done.
Breakpoint and translocation clusters were identified in several lymphomas; their average size is~1 kbp [54] . We have identified bcrs involved in translocations with different partners leading to lymphoid malignancies. We have analysed published data to identify the breakpoint regions in cancers with translocations involving the IgH locus (Mantle cell lymphoma, Burkitt's lymphoma, diffuse large B-cell lymphoma, and multiple myeloma). We have found 195 individual translocation breakpoint sequences in the IgH locus. These were grouped into bcrs, with the condition that one~1 kbp bcr should include no less than 3 individual translocation events. We could identify eleven bcrs. These data are summarized in Table and Figure. Mantle cell lymphoma (MCL) is caused by a t(11: 14) involving IgH and CCND1 loci [54] ). The translocation is thought to occur during V(D)J recombination [55] . Indeed, most MCL-related breakpoints are located in the JH region. They are concentrated in two bcrs (bcr2 and bcr3) in JH regions 2-4 and 4-6 [28, 36, 46 [34, 57] . Logically, breakpoint regions for multiple myeloma (bcrs4-8, 10) are localized in the constant region [34, 57] .
Diffuse large B-cell lymphoma (DLBCL) is linked to translocations with CCND3 and CCND4 genes on chromosome 3 [40] ). In general, this translocation occurs during CSR [58] and somatic hypermutation [59] . The bcr for DLBCL (bcr7) is localized in the g2 gene (constant region).
Interestingly, several bcrs (bcr2, 4, 5-7, 10) are not specific for one type of cancer. These bcrs are located in the regions that are the subjects to V(D)J recombination (bcr2), CSR (bcr4-8; 10) and SH (bcr2, [4] [5] [6] [7] [8] 10) . This suggests that these bcrs in the IgH locus are in contact with several different potential translocation partners at the same time. Whether it happens in all B-cells, or there are subsets or individual B-cells where IgH bcrs contact specific partners is not yet known. This question might be answered by using a circular chromosome conformation capture (4C) technique [29] on individual cells and cell populations. The BCRs identified in the present review may serve as convenient baites for this technique. Further studies will be necessary to answer the posed questions.
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